Introduction
Ac-driven electrohydrodynamic instabilities (EHIs) in nematic liquid crystals (NLCs) are one of the many fascinating research topics for understanding pattern formations in spatially extended, nonequilibrium dissipative systems. These instabilities have been extensively studied for the last four decades, 1) since a typical EHI was first observed by Williams 2) and theoretically treated by Carr and Helfrich (CH). 3, 4) They provide a rich variety of patterns and dynamics that depend on the frequency and amplitude of the ac field. On the other hand, noise-induced phenomena have attracted much attention because of the important (nontrivial) role of noise and fluctuations found in nonlinear systems. [5] [6] [7] [8] For instance, stochastic resonance, 5, 9) multiplicative stochastic processes, 6, 10) and noise-induced order or disorder (or phase transitions) [6] [7] [8] are well-known, nontrivial noise phenomena that have been extensively studied in many different fields such as physics, chemistry, biology, and neuroscience. [6] [7] [8] [9] [10] In this article, we address threshold problems for various ac-or dc-driven EHIs in the presence of external multiplicative noises ( Figs. 1 and 2 ). Noise-induced shifts in thresholds for instabilities (or phase transitions) have been reported in several different systems. [6] [7] [8] 11) Also, the present noise-induced threshold problems have been intensively studied in NLCs. 10, [12] [13] [14] [15] [16] Unfortunately, most of the previous studies have treated a typical, well-understood instability [i.e., Williams domain (WD) due to the CH instability]. In comparison with WD, we present the problems for various instabilities described below.
The essential features of EHIs of a planarly aligned NLC system [n 0 ¼ ð1; 0; 0Þ for the initial director state] can be easily understood. 17, 18) When one applies a sinusoidal ac field EðtÞ ¼ E 0 sinð2f tÞ z across a thin NLC slab between two transparent electrode plates (typical thickness d ¼ 10{100 m), one finds a well-ordered pattern above a threshold voltage V th . Unlike (the usual) isotropic fluids, the director n, which is a unit vector representing the locally averaged orientation of rod-like NLC molecules, plays an important role in pattern-formation processes in anisotropic NLCs. 17, 18) In general, there exist qualitatively different EHI regimes depending on the frequency f of EðtÞ. 17, 18) In the so-called conduction regime ( f < f 3 ; Fig. 3 ), WD occurs by the CH effect (i.e., spatially periodic charge focusing owing to the electric anisotropy of NLCs). At low frequencies below a certain characteristic frequency f 3 , the charge relaxation time is much shorter than the period f À1 of EðtÞ (i.e., f ( 1), whereas the director relaxation time d is much longer than f À1 ( d f ) 1). Therefore, the periodic director cannot follow the external field EðtÞ and remains stationary (leading to order), thereby forming stable WDs. In principle, the director field for the WD is identified as a periodic modulation accompanying vortices in the xz-plane (Fig. 1 ). For f 2 < f < f 3 (Fig. 3) , however, defect-free chevrons (DFCs) are formed by periodic, zigzag modulation of the WDs, which is due to a superposition of the prewavy (PW) instability (Figs. 3 and 4) . Thus, the director field for DFC becomes more complicated because of an additional, periodic xy-director modulation that is induced by the PW instability. The details of the DFC were described in a previous publication. 19) Moreover, at much lower frequencies ( f < f 1 $ 1 Hz; Fig. 3 ) a flexoelectric effect-coupled CH instability is induced. 20) Such frequency f 1 can be found under the condition of comparable time scales for WDs (i.e., f À1 1 $ d ¼ 1:7 s for our sample cells). Hereafter, we call this instability low-frequency WD (LFWD).
In the dielectric regime, which is at high frequencies ( f > f 3 ), becomes longer than f À1 ( f ) 1), and charges cannot accumulate. The director oscillates in phase with EðtÞ, whereas the charge distribution is stationary. Thus, one finds a pattern called the dielectric chevron (DCV). 17, 18) The actual structure of the DCV becomes much more complicated because of the formation of small-scale vortices near both electrode plates.
For f > f 2 ( Fig. 3) , furthermore, PW (or inertia) instability occurs at a threshold voltage V PW before the appearance of CH instability [i.e., DFC (
17,21,22) PW instability forms wide bands with large-scale flows in the xy-plane that can be distinguished from the typical convective rolls (i.e., WD) in the xz-plane.
Although the behavior of the threshold V PW and the characteristic of the patterns and flows have been investigated, the mechanism is not sufficiently understood. However, it is obvious that the other high-frequency instabilities (DFC and DCV; Figs. 3 and 4) occur superposed on the PW. 19, 22) On the other hand, an isotropic mode (IM) appears under dc fields. 17) In contrast to the ac-driven (charge focusing) CH effect, IM is destabilized from a nonuniform charge density along EðtÞ by charge injection through the electrode plates (i.e., the so-called Felici effect). Thus, IM still exists above the nematic-isotropic transition temperature T NI . 17) From this point of view, IM is equivalent to thermal convections induced by a temperature gradient T ðzÞ in an isotropic fluid.
In this article, we focus our attention on the influence of noise on the various dissipative structures implemented in the corresponding frequency regions. In particular, noiseinduced threshold problems are investigated by controlling noise intensity V N and cutoff frequency f c . In practice, the spatial property (e.g., characteristic wavelengths ) of each pattern should be considered because the noise-induced thresholds depend on .
10,12,14-16) Accordingly, we deal with noise-controlled WDs (with WD ; Fig. 4 ) and DFCs (with 1 $ WD and 2 $ PW ; Fig. 4 ) independently, although their thresholds [V WD ð f Þ and V DFC ð f Þ] vary continuously with no sharp change (Fig. 3) . The details of the dependence of on V N for WDs and DCVs have been reported in a recent publication, 16) and those for other EHIs (DFC, PW, and IM) are currently under study.
This article is organized as follows. The details of the present sample cells and the experimental apparatus and techniques are described in x2. In x3.1, we present the thresholds and patterns of EHIs (WD, DFC, LFWD, DCV, and PW) in the absence of noise (V N ¼ 0). In x3.2 and x3.3, we analyze the influence of noise in the conduction (WD, DFC, and LFWD) and dielectric (DCV) regimes. In x3.4, the influence of noise on PW and IM are investigated and compared with the results of WD. In x4, we summarize the influence of noise on various instabilities on the basis of experimental results and mention the prospects for future study and applications.
Experiments
A sinusoidal ac field EðtÞ was applied across a thin slab of an NLC [p-methoxybenzylidene-p 0 -n-butylaniline (MBBA)] sandwiched between two parallel, transparent electrodes (indium tin oxide), to achieve instabilities. A Gaussian-type noise NðtÞ created by a two-channel wave-generating synthesizer (Hioki 7075) were superposed on EðtÞ in a combiner (JFW 50PD), as shown in Fig. 1 . The resultant fluctuating sinusoidal field was amplified by a wide-range amplifier (0 < f 500 kHz, FLC Electronics A600). Cutoff frequency f c -dependent colored noise was generated by the low-pass filters of the synthesizer. The filters allow lowfrequency signals to pass through but attenuate signals with frequencies higher than f c . In general, f c is defined as the frequency at which the power output becomes half the passband power Pð f Þ ( f < f c ). Figure 2 shows the characteristics of noise used in this study. For three selected filters ( f c ¼ 1, 10, and 100 kHz), Pð f Þ attenuates at the corresponding frequency f ¼ f c . In this study, the stochastic intensity
, cutoff frequency f c (inversely proportional to the correlation time N ) of NðtÞ, the deterministic intensity V ¼ d ffiffiffiffiffiffiffiffiffiffiffiffiffiffi hE 2 ðtÞi p , and frequency f of EðtÞ were used as control parameters. To investigate the influence of noise on a dc-driven EHI (IM), we used a dc field superposed on the noise.
Three sample cells with planar alignment (d ¼ 50 m and a lateral size S ¼ 1 Â 1 cm 2 ) were prepared, which have different f 3 . f 3 was controlled by doping tetra-n-butylammonium bromide (TBAB) into MBBA from 0 to 1.0 wt % (see the caption of Fig. 5 ). In practice, cell 2 (having intermediate f 3 ) was mainly used except for Figs. 5 and 6. All measurements were performed at a stable temperature (T ¼ 25 AE 0:2 C) using an electrothermal control system (Japan Hightech TH-99). At this temperature, electric conductivity and dielectric constant " for the NLC in our sample cells were measured with an LCZ meter (NF 2341; the measurement frequency was 1 kHz); see the caption of Fig. 5 for the details. Optical patterns for the instabilities were observed in the xy-plane parallel to the electrodes using a charge-coupled-device camera (Sony XC-75) mounted on a polarizing microscope (Meijitech ML9300). To capture and analyze the patterns on a computer, image-processing software (Scion Image Beta 4.0.2) and an image-capture board (Scion LG-3) were used.
Results and Discussion

EHIs in the absence of noise
To begin, we examined the characteristics of the thresholds and patterns for various EHIs in the absence of noise (V N ¼ 0). Figure 3 shows typical results for EHI thresholds in the f -V plane (in cell 2). We define three characteristic frequencies ( f 1 , f 2 , and f 3 ) to differentiate EHIs as described in x1. In addition to the well-known frequency f 3 $ 2:45 kHz 
dividing the conduction and dielectric regimes, we find other two characteristic frequencies: f 1 $ 1 Hz, which divides LFWD and WD and f 2 $ 2:15 kHz, which divides WD and DFC, respectively. The patterns corresponding to these EHI frequency domains are shown in Fig. 4 . For f 1 < f < f 3 , the threshold curve follows
Þ (for WD and DFC). 17, 18) Here denotes the Helfrich parameter determined by a combination of some viscous and electric constants of the NLC. For f > f 3 ,
is often nonstationary (traveling along the initial orientation n 0 of the director), whereas WD is stationary at the threshold V WD for the wide frequency region ( f 1 < f < f 2 ). Moreover, DFC should be distinguished from the defect-meditated chevron (DMC) (that often appears at f < f 2 in the homeotropic alignment cells) and the DCV ( f > f 3 ) because their pattern-forming mechanisms are completely different from one another. [17] [18] [19] From the patterns in Figs. 4(c)-4(e), the wavelength 2 for the herringbone-like patterns (DFC and DCV) is consistent with the wide bands (2 PW ) for PW [ Fig. 4(e) ]. PW instability appears below V DFC and V DCV as shown in Fig. 3 . However, the wavelengths 1 for the striated rolls in DFC and DCV are quite different from each other [i.e., are roughly identical to WD . These threshold behaviors and patterns are in qualitative agreement with previous experiments 17, [20] [21] [22] and theories. 17, 18, 20) Such characteristics of pattern structures play important roles in determining the influence of noise on the EHIs described below.
Influence of noise in the conduction regime
We measured the variation in the threshold of WD ( f 1 < f < f 2 ) upon changing f c . To achieve WD, an ac field with f ¼ 30 Hz was applied to the sample cells. Figure 5 shows the behavior of V WD ðV N Þ. We find that the WD threshold V WD depends linearly on V N . The relationship may be modeled as V , noise has no effect; that is, it is neutral with respect to the onset of WDs (i.e., b ¼ 0). Figure 6 shows the response sensitivity b as a function of f c . b increases smoothly with increasing f c and saturates at b $ 0:5 with the noise approaching white noise ( f c ! 1;
24,25)
26) Moreover, b increased smoothly with increasing f (< f 2 ). 16, 26) In particular, we have found a characteristic relationship f Ã c ¼ hf
, which was described in detail in a recent publication. 26) This means that the stabilization ( f c > f , the stabilization effect of high-frequency components (> f 3 ) and the destabilization effect of low-frequency components (< f 3 ) in the CH mechanism of WD are canceled out each other. It is independent of f (for f 1 < f < f 2 ). 26) On the other hand, considering the dependence of structures on noise, 16) we analyzed how the thresholds of DFC ( f 2 < f < f 3 ) and WD ( f 1 < f < f 2 ) vary as a function of f c . Figure 7 shows the behavior of the threshold V DFC ðV N Þ for DFC ( f ¼ 2:4 kHz). For relatively higher f c (! 5 kHz), V DFC decreases slightly and then increases smoothly with increasing V N . This means that the degree of noise-induced stabilization and destabilization of DFCs changes as a function of V N (with fixed f c ). Moreover, there seems to exist a noise intensity V 
For lower f c ( 2 kHz), V DFC decreases monotonically with increasing V N . In other words, when f c 2 kHz, noise plays a role in destabilizing DFCs. Therefore, the behavior of function V DFC ðV N Þ cannot be explained by the linear relationship (for WDs). However, above the small-V N region (> 10 V) where V DFC ðV N Þ increases or decreases, V DFC ðV N Þ seems to obey the linear relationship. Although the thresholds V WD ð f Þ and V DFC ð f Þ vary smoothly in Fig. 3 , the influence of noise on these thresholds is quite different from each other.
As described in x1, DFCs form on the background of PW [see 2 of the DFC in Fig. 4(c) , which is similar to the width (2 PW ) of bands of PW in Fig. 4(e) ]. Because noise plays a role in destabilizing PW instability, threshold V PW decreases smoothly with increasing V N (see x3.4). Therefore, we speculate that the influence of noise on the PW instability dominates for small V N (< 10 V) but the influence of noise on WD dominates for large V N (> 10 V). This may explain why the threshold V DFC shows such a peculiar behavior in Fig. 7 .
Furthermore, we measured the variation in the threshold of LFWDs ( f ¼ 0:8 Hz < f 1 ) upon changing f c . For this much lower ac frequency f , the LFWD pattern blinks on and off at f ¼ 0:8 Hz; that is, the electroconvection-accompanied director structure blinks at f ¼ 0:8 Hz. Owing to the blink of the pattern, the rolls of LFWDs [ Fig. 4(b) ] are viewed less regular than those of stationary WDs [ Fig. 4(a) ]. Although the flexoelectric effect is added to the CH generation mechanism for LFWDs, dominant convection structures hold (similar to WDs). Thus, the influence of noise on LFWDs seems to be similar to that of WDs, as shown in Fig. 8 . The linear relationship [for WDs in Fig. 5 ] can be also used for LFWDs, except when f c ¼ 1 kHz; such exceptional case sometimes appears also in WDs.
16) The function V LFWD ðV N Þ is qualitatively the same as V WD ðV N Þ in Fig. 5 . Moreover, pure noise-induced LFWDs appear (e.g.,
The flexoelectric effect does not appear in the influence of noise on WDs (at present experimental limitations), whereas it gives rise to unignorable deviation from the CH mechanism [especially, for low frequencies comparable with 1= d ; see also the sharp change of the threshold function V th ð f Þ around f 1 in Fig. 3 ].
20)
Influence of noise in the dielectric regime
In the dielectric regime ( f ¼ 2:8 kHz > f 3 ), the threshold variation of DCVs was measured in the same way. Figure 9 In fact, a primary (normal-roll) instability that appears below V DCV should be studied to understand the threshold problem in the (pure) dielectric regime; 17) it can be separated from the PW. The present NLC cells are not available for this. The normal-roll instability could be observed in MBBA with much lower f 3 28) (or other NLCs such as Merck Phase 5 29) ). Figure 10 shows the threshold function V PW ðV N Þ for PW ( f ¼ 2:4 kHz > f 2 ). As V N increases, V PW ðV N Þ decreases smoothly after being nearly constant at small V N (< 10{40 V). In other words, adequately large noise intensity destabilizes PWs. However, above the much larger intensity V N $ 85 V, regular PWs [in Fig. 4(e) ] disintegrate upon the appearance of noise-initiated turbulence. 16) Moreover, for large V N > 10 V, V PW ðV N Þ depends on f c . These destabilization effects may explain the behavior of V DFC ðV N Þ and V DCV ðV N Þ because PW serves the background pattern for DFCs and DCVs. The decrease of V DFC for small V N (< 10 V, Fig. 7 ) and the almost null variation of V DCV for small V N (< 60 V, Fig. 9 ) may be affected by the superposition of PWs.
Influence of noise on other instabilities
As reported in previous studies, 17, 21, 22) PWs have a periodic director structure [n ¼ nðx; yÞ] in the xy-plane (i.e., the electrode plane), which can be distinguished from the other patterns [n ¼ nðx; zÞ for WDs; n ¼ nðx; y; zÞ for DFCs and CVs]. The in-plane director rotation for PW seems to respond simply to the noise field. Although the mechanism of PW instabilities is not sufficiently understood, the periodic director modulation in PWs is facilitated by the appropriate V N ; namely, noise plays a role in destabilizing PWs. In addition, we investigated the influence of noise on dcdriven IMs, as shown in Fig. 11 . Depending on f c , noise contributes to stabilizing ( f c ! 500 Hz) or destabilizing ( f c 200 Hz) IMs. The function V IM ðV N Þ agrees qualitatively with V WD ðV N Þ and V LFWD ðV N Þ, although the linear relationship does not seem to hold definitely (see also the inset of Fig. 11 ). Although the pattern of IM is somewhat different from those of WD and LFWD (Fig. 4) , similar convection structures (without additional structure-modulations such as PW) may result in the qualitatively similar response to noise.
Summary
We investigated the influence of noise on the thresholds for various EHIs depending on f . Noise intensity V N and cutoff frequency f c play a crucial role in determining the influence with respect to the corresponding EHI structures (mechanisms).
For the typical WD in the conduction regime ( f 1 < f < f 3 ), the expanded CH theory, 12) in which quasi-white noise is considered, explains the upward shift in the threshold V WD ðV N Þ, which can be intuitively understood. Thus, the noise with a higher f c (> f Ã c ) contributes to stabilizing WDs because the onset of WD is suppressed by the obstruction of periodic charge injections and the random recombination of space charge (due to the superposition of noise). The downward shift in V WD ðV N Þ that occurs for noise with a lower f c (< f Ã c ) is an interesting noise-induced phenomenon. Namely, sufficiently colored noise contributes to destabilizing WDs. This may be understood by regarding noise ( f c < f Ã c ) as Fourier modes satisfying the CH conditions ( f ( 1 and d f ) 1) . In particular, one can find pure noise-induced WDs (
Moreover, these explanations are applicable to LFWD ( f < f 1 ) because the flexoelectric effect is negligible to the influence of noise on LFWD. Also, dc-driven IMs show qualitatively similar to its influence on WDs because all of them are, in principle, (similar) convective instabilities without additional structure-modulations such as PW. In the case of WD, LFWD, and IM, which have similar EHI structures, the flow field seems to be a dominant factor for the noise-induced threshold shifts because the director field remains stationary.
Compared to WDs, the threshold V DFC for DFCs ( f 2 < f < f 3 ) shows quite a different behavior. At higher f c , V DFC decreases smoothly and then increases with increasing V N . For lower f c , however, it decreases monotonically with increasing V N . In particular, the stabilization and destabilization effects are altered by V N ; therefore, the influence of noise on DFCs is more complicated. The difference between V WD ðV N Þ and V DFC ðV N Þ should be explained by their patternformation mechanisms (i.e., director structures and flows). PW instability, a background pattern, is crucial in determining the influence of noise on DFCs. Threshold V PW decreases smoothly with increasing V N , independent of f c [after no variation (in small V N region)]. This behavior seems to be related to the peculiar behavior of
Moreover, PW also serves as a background pattern for DCVs in the dielectric regime ( f > f 3 ). For DCVs, the influence of noise on V DCV is more noticeable and is not expected from conventional theories. 10, 12, 14) This result suggests that an optimal noise condition with an appropriate V N and f c may facilitate the onset of DCVs at the lowest driving force. In other words, external noise that matches the intrinsic characteristics of the system is most effective in triggering instability (i.e., the oscillation of the director for DCVs), similar to stochastic resonance. 5, 9) This result for V DCV ðV N Þ may also be understood on the basis of the difference in the pattern-formation mechanisms for both regimes. Contrary to WDs, the director oscillation (for DCVs) requires a stationary charge distribution, as described in x1. For rather small V N , such a charge distribution may hold for small modulations with sufficiently large V . For large V N , however, the noise breaks the stationary charge distribution. Nevertheless, to obtain the director oscillation, a stationary charge distribution must be constructed by increasing V . This phenomenon leads to an increase in V DCV via a minimal V DCV . In practice, the influence of noise on DCVs may become complicated owing to the large dissipative energy of small-scale convections and the background-pattern PWs, as well as the director oscillation. The influence of noise may be changed by the dominant instabilities in the system. Moreover, the details of the noiseinduced pattern changes and the threshold shifts (for WDs and DCVs) were reported in our previous publications. 16) Unfortunately, there is no theoretical explanation for such influences of noise in the dielectric regime ( f > f 3 ), although the linear stability analysis has been intensively studied in the conduction regime (only for WD with f 1 < f < f 2 ). 10, 12, 14) The stabilization effect from high frequency components of noise and the destabilization effects from low frequency ones always compete with each other, depending on internal timescales of EHIs such as 1=f 3 (or ). In the case of WD, LFWD, and IM, such competition results in relatively simple change in threshold shifts (i.e., a linear change). The couplings of the noise field to the director and flow fields of EHIs determine the response to the multiplicative noise. The details of the couplings could help us to understand the unique threshold problems of various EHIs. These are currently under study, in association with noise-controlled EHI structures.
Furthermore, compared with the influence of noise on the Fredericks instability (FI) in NLCs, 16) we also find the importance of the underlying structures for EHIs. FI without finite characteristic length (i.e., a spatially homogeneous state) shows a simple threshold shift. Independent of f and f c , the threshold V F for FI decreases monotonically with increasing V N . Thus, FI can be induced only by the pure (effective) intensity of the applied fields, independent of the type of electric fields (ac, dc, or noise only or mixed). See the details of V F ðV N Þ in our previous reports. 16) The present noise influence on nonlinear systems is very important for understanding nonlinear dissipative systems in noisy environments. In particular, the nontrivial phenomena such as noise-induced subthreshold instability (or pure noise-induced instability) and stochastic resonance (in DFCs and DCVs) give us useful hints for applications to real biosystems and neuroscience. 30) 
